Abstract. Clay-carbon nanotube composites were prepared by employing the catalytic chemical vapor deposition method (CCVD) over different transition metal oxides supported on montmorillonite. Various analytical techniques including SEM, TEM, XRD and DTA/TGA were used for the characterization of the final composite materials. The morphology, quality and structure of the produced nanotubes is shown to be dependent on the type of transition metals.
Introduction
Carbon nanotubes possess important properties derived from a combination of unique dimensional and structural topological features which makes them outstanding materials for various potential technological applications [1] . Because of their wide range of applications the fabrication of welldefined and organized arrays of carbon nanotubes, in sufficient quantities and at a low cost, is of high importance. A general pathway for their production is the catalytic decomposition of hydrocarbon gases (methane, ethane, acetylene) over transition metal cations (Fe, Co, Ni) and/or the corresponding metal oxides embedded in solid supports. Solid supports already employed comprise mainly zeolites, mesoporous silica, silica, alumina and graphite [2] . Recently we reported [3] the use of aluminosilicate smectite clay as an alternative substrate for immobilizing the catalytic metal centers. In this way, carbon nanotubes were synthesized on clay surfaces by the catalytic decomposition of acetylene on iron-exchanged montmorillonite.
In the present work we employ various transition metals (Fe, Co, Ni) supported on montmorillonite clay and we present the effect of catalytic centers in the morphology, quality and structure of the final products. XRD, Raman, Mössbauer, SEM and thermal analysis techniques were used to fully characterized the materials.
Experimental
The clay used in this study was a natural Wyoming montmorillonite (SWy-1), from the Clay Minerals Repository, University of Missouri, Columbia. The clay was fractioned to <2 µm by gravity sedimentation and purified by well-established procedures in clay science. Metal-exchanged samples were prepared by immersing the clay into 1 N solution of the appropriate metal chloride. Cation exchange was complete by washing and centrifuging four times with the appropriate solutions. The samples were finally washed with distilled-deionized water and transferred into dialysis tubes in order to obtain chloride-free clays and then dried at room temperature. Homoionic clays were then calcined at 450 o C for 4.5 h in order to produce metal oxides on the surface of layered material.
Carbon nanotubes were synthesized by catalytic decomposition of acetylene over clay-catalysts in a fixed bed flow reactor at a temperature of 700 o C. In a typical run, about 100 mg of the catalyst powders were placed in a alumina boat within a quartz tube, with an inner diameter of 2.2 cm and length of 90 cm, located in a resistance furnace. Sample was heated up to 700 o C at nitrogen atmosphere. At this temperature acetylene as a carbon precursor was admixed with the carrier gas (N 2 ) at a flow rate of 10 cm 3 /min and 90 cm 3 /min, respectively. 60 min later, the C 2 H 2 gas flow was stopped, and the ceramic boat was cooled down to room temperature in the nitrogen atmosphere. The deposited materials were finally collected from the ceramic boat.
X-ray powder diffraction data were collected on a D8 Advance Bruker diffractometer using Cu Kα (40 kV, 40 mA) radiation and a secondary beam graphite monochromator. The patterns were recorded in the 2-theta (2Θ) range from 2° to 80°, in steps of 0.02° and counting time 2 s per step. Raman spectra were recorded with a Micro-Raman system RM 1000 RENISHAW using a laser excitation line at 532 nm (Nd-YAG), 0.5 to 1 mW, with 1 µm focus spot in order to avoid photodecomposition of the samples. Scanning electron images were recorded using a JEOL JSM-5600V scanning electron microscope (SEM). Thermogravimetric (TGA) and differential thermal (DTA) analyses were performed using a Shimadzu DTG 60 Thermal Analyzer. Samples of approximately 10 mg were heated in air from 25 to 1000 °C, at a rate of 10 °C/min.
Results and discussion
Owing to the unique swelling, ion-exchange and intercalation properties smectite clays were easily, uniformly and reproducibly loaded with metal cations that can function as catalysts in the synthesis of carbon nanotubes. Three different homoionic forms of montmorillonite were prepared containing iron, nickel and cobalt and the synthesis of nanotubes was carried out at 700 o C using a mixture acetylene/nitrogen (samples denoted here as Fe-MNT-CNT, Ni-MNT-CNT and Co-MNT-CNT). Sodium-montmorillonite was also used as a reference material (Na-MNT-CNT). Figure 1 shows the X-ray diffraction patterns of the starting homoionic-clays, after the calcination at 450 o C and after the production of CNTs (clay/CNT composites). Powder XRD patterns showed the presence of the corresponding oxides originating from the exchangeable metal cations during thermal treatment and also the presence of graphitic carbon after the CNT process. In the case of Fe-MNT-CNT, XRD patterns along with 57 Fe-Mössbauer spectra (not shown here) revealed the formation of ferromagnetic cementite (Fe 3 C) as the main iron species. In the cases of Co-MNT and Ni-MNT the two main phases observed are Co 3 O 4 and NiC respectively. Figure 2 shows micro-Raman spectra of as-grown CNTs by using an argon laser of wavelength 514.5 nm. In the Raman-shift range 1200-1800 cm -1 , two peaks are observed at 1344 and 1599 cm -1 corresponding to graphite D-and G-bands, respectively (no peaks are observed in the case of reference Na-MNT). The G-band corresponds to the tangential stretching (E 2g ) mode of highly oriented pyrolytic graphite and can be used to assess the degree of crystallinity/graphitisation, while the D-band at 1354 cm -1 originates from disorder in the sp 2 -hybridized carbon atoms, characteristic for lattice distortions in the curved graphene sheets and/or tube ends [4, 5] . The relative intensity of D and G bands (I D /I G ), reveals the degree of disorder and it was found to be 0.80 (Co 2+ ), 0.95 (Fe 3+ ) and 0.85 (Ni  2+ ) . These values are similar to those reported (I D /I G = 0.85-1.3) in the literature for CNTs prepared using acetylene [6] , and reveal the good quality of the produced CNTs. From these values we can conclude that the parent cobalt-homoionic montmorillonite produce CNTs of slightly better quality in comparison with the other two metal-exchange clays. The DTA and TGA curves of the clay-CNT composites are shown in figure 4 . DTA curves, of the three composite materials, show an exothermic peak at 670, 680 and 640 o C for Fe-MNT-CNT, Co-MNT-CNT and Ni-MNT-CNT respectively. This peak is attributed to the destruction of carbon nanotubes during the thermal treatment. On the other hand, TGA data can be used in order to calculate the percentage of deposited carbon (and subsequently the CNTs) in the produced composite materials with relatively high accurancy [7] . From the % weight loss between 400 and 700 o C the % carbon yield was estimated. This was found 1.5, 1.6 and 11.2 % for Fe-MNT-CNT, Co-MNT-CNT and Ni-MNT-CNT respectively. From these values, it is obvious that the parent nickel-homoinic montmorillonite is significantly more active catalyst to the production of carbon nanotubes. In conclusion, in this work we described the role of various transition metal oxides supported on montmorillonite, as catalytic centers for the eficient production of carbon nanotubes through the CCVD method. The morphology, quality and structure of the produced nanotubes was shown to be dependent on the type of metal. Nickel exchanged montmorillonite produce CNTs in significally higher amount while cobalt-montmorillonite produce CNTs of better quality. Spiral nanotubes are mainly produced in the case of cobalt-sample while bent nanotubes and straight filaments are observed in the cases of nickel and iron-clays.
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